Starches from eight different barley cultivars were isolated and evaluated for their physiochemical, thermal, and pasting properties. The amylose content varied significantly among cultivars and ranged from 21.0 to 28.3%. The majority of the starch granules were of the B-type (20 to 40 µm) in size and accounted for 50.5 to 61.6% of the total granules. The starch gel from RD-2052 showed the highest firmness (0.55 N). The pasting behavior of starch varied significantly; the PL-172 cultivar showed the highest peak viscosity (2622 cP) while it was lowest for RD-2035. The time to peak of pasting properties exhibited a significant (p ≤ 0.05) negative correlation with water solubility index (r = −0.74). The pasting temperature showed a significant (p ≤ 0.05) positive correlation with water binding capacity (r = 0.73) and significant negative correlation with water solubility index (r  = −0.82) . The highest enthalpy of gelatinization ( H) was exhibited by DWR-28 cultivar (4.9 J/g). Amylose content showed a significant (p ≤ 0.01) negative correlation with H (r = −0.90). A significant (p ≤ 0.01) positive correlation was observed between gelatinization temperature range and water binding capacity of starch (r = 0.85).
INTRODUCTION
Barley (Hordeum vulgare L.) belongs to the category of cereals that are members of the monocotyledonous family Poaceae and the genus Hordeum. [1] The total area in India under this crop is about 2.9 million hectares, producing nearly 3.1 million tons of grains. About 90% of barley grain is used in the malting and brewing industry and is used as an animal feed. [2] Barley grain has nutraceutical potential as it contains 2.4 to 8.3% of β-glucan, a soluble fiber. [3] [4] [5] [6] β-Glucan can be extracted from barley for making glucagel [7] or high βglucan fractions. [8] Barley starch could be a valuable by-product for the industry involved in the extraction of β-glucan from barley. Starches from various plants have a major role as an energy source, providing 70-80% of the calories consumed by humans. Barley starch, like other starches, could play a major role in the food industry because of its thickening and gel-forming properties. The objective of the present investigation was to characterize the starch extracted from different Indian barley cultivars for their physicochemical, thermal, and pasting properties.
MATERIALS AND METHODS

Materials
Eight hulled barley cultivars commonly cultivated in India (DWR-28, RD-2503, RD-2508, RD-2035, RD-2052, RD-2552, PL-172, and PL-426) were procured from Central State Seed Farm, Sriganganagar, Rajasthan, India. The grain was cleaned and stored for further evaluation. All chemicals used were of analytical grade and each test was performed in triplicate on a dry weight basis.
Preparation of Barley Flour
The dehusking was carried out in a McGill Rice Miller No. 2 (Rapsco, Brookshire, TX, USA) as described by Sharma and Gujral. [4] The dehusked barley was ground in the Super Mill 1500 (Newport Scientific, Warriewood, Australia) to pass through a 60 (BSS) sieve to obtain barley flour.
Starch Isolation
Barley flour samples (200 g) were steeped in 0.08% sodium hydroxide solution (2 liter) for 12 h at 40 • C. The steep water was drained off and the slurry was screened through a sieve (60 BSS). The material left over the sieve was washed thoroughly with distilled water. The filtrates were allowed to settle for 2 h at 4 • C. The supernatant was removed by suction and the starch layer was resuspended in distilled water and centrifuged at 3000 g for 10 min. The upper non-white layer was scrapped off and discarded and the white starchy layer was collected by centrifugation and dried in an oven at 40 • C for 12 h.
Physico-Chemical Properties of Starch
Amylose content of the isolated starch was determined in triplicate by using the method of Williams et al. [9] The amylose was determined using a standard curve prepared by a different concentration of amylose. Swelling power and solubility were determined using the method of Crosbie [10] and Leach et al., [11] and the results were expressed as g/g and %, respectively. Water binding capacity (WBC) was measured by the method of Anderson et al.: [12] 
WBC% =
Weight of residue − Weight of sample Weight of sample (dwb) × 100.
The starch granule size distribution was determined with a laser diffraction particle size analyzer (Malvern Mastersizer, Malvern Instruments Limited, Malvern, Worcestershire, UK). [13] The starch granules obtained after particle size analysis were classified as A-type (<20 μm), B-type (20-40 μm), and C-type (>40 μm).
Light transmittance (%) was measured by the method of Perera and Hoover. [14] The transmittance was measured after every 24 h at 626 nm against a water blank with a Shimadzu UV-1800 Spectrophotometer (Shimadzu Corporation, Kyoto, Japan). Starch suspensions (1%) were prepared in distilled water. A drop of the starch suspension was placed on a clean glass slide. A cover slip was carefully placed on the slide ensuring that no air bubbles were entrapped in it. Then the glass slide was viewed with the help of a microscope at 400× magnification. The photographs were taken using an Olympus digital camera (5.10 Mega pixel; Olympus Optical Co., Ltd., Tokyo, Japan) in manual mode and then transferred to a computer through the U.S.B port using Camedia Master Software (Version 4.10; Camedia Master Software, Tokyo, Japan).
Starch Gel Hardness
Starch solution (3%) was prepared and cooked in a boiling water bath for 3 min and gel was filled into 35-mm-diameter polypropylene tubes, and the tubes were held for 2 h at room temperature. The gel hardness test was carried out on a texture analyzer (Model TX-HD i ; Microstable System, Surrey, UK). A cylindrical probe 5 mm in diameter was forced through the gel to a distance of 10 mm at a cross head speed of 2 mm/s. The pre-and post-test speed was 5 to 10 mm/s, respectively. The trigger force was 5 g and load cell used was 50 kg.
Pasting Properties
The pasting properties of starch were evaluated using the Rapid Visco Analyzer (RVA-4, Newport Scientific, Warriewood, Australia).Viscosity profiles of starches were recorded using starch suspension, 3 g starch (14% moisture basis) and 25 ml of distilled water (corrected to compensate for 14% moisture basis). A programmed heating and cooling cycle was used where the samples were held at 50 • C for 1 min, heated to 95 • C in 3.42 min, held at 95 • C for 2.3 min, cooled to 50 • C in 3.48 min, and held at 50 • C for 2 min. Parameters recorded were peak, trough, breakdown, final viscosity, set back, peak time, and pasting temperature.
Thermal Properties
Thermal characteristics of starches were analyzed by using a differential scanning calorimeter (DSC-821e, Mettler Toledo, Schwerzenbach, Switzerland) equipped with a thermal analysis data station. A starch sample (3.5 mg, dry weight) was loaded into a 40-μl capacity aluminium pan (ME-27331, Mettler), and distilled water was added with the help of a Hamilton micro-syringe (Hamilton Microsyringe, St. Louis, MO, USA) to achieve a starch water suspension containing 70% water. Samples were hermetically sealed and allowed to stand for 2 h at room temperature before DSC measurements. The differential scanning calorimeter (DSC) analyzer was calibrated using indium and was heated at a rate of 10 • C/min from 20 to 100 • C. Onset temperature (T o ), peak temperature (T p ), conclusion temperature (T c ), and enthalpy of gelatinization ( H gel ) were calculated automatically. The gelatinization range (R) was (T c -T o ), the peak height index (PHI) was calculated by the ratio H gel /(T p -T o ) as describe by Kruger et al. [15] 
Statistical Analysis
Analysis of variance (ANOVA) was carried out using Microsoft Excel software (Microsoft, Redmond, WA, USA), and Fishers least significant difference test was used to describe means with 95% confidence. The Pearson correlation coefficients were calculated by SPSS statistical software (SPSS Inc., Chicago, IL, USA) at a probability level of p < 0.05. Each test was performed in triplicate on a dry weight basis.
RESULTS AND DISCUSSION
Amylose Content
The functional properties of starch depend on the amylose content to a large extent. [16] Amylose content of different varieties of barley starches is reported in Table 1 . The amylose content significantly varied among the cultivars, and ranged from 21.0 to 28.3%. Among the cultivars, the highest amylose content was observed for PL-426 and the lowest was observed for DWR-28. Li et al. [17] reported an amylose content ranging from 0-39% in different barley cultivars. Similarly, Kiseleva et al. [18] also reported similar results for amylose in different barley cultivars. The amylose content in cereals, such as wheat, rice, and maize, has been reported to be 28.8, 25.0, and 29.4%, respectively. [19] 
Swelling Power
Swelling power for native barley starches is summarized in Table 1 . Swelling power indicates water binding capacity of starch and data revealed that the swelling power of different barley starches significantly varied among the cultivars and ranged from 10.1 to 11.8 (g/g). Among the cultivars, the highest swelling power was observed for DWR-28 and the lowest was observed for RD-2503. It has been reported that on the molecular level, the swelling power of the starch granule is influenced by many factors, including amylose to amylopectin ratio and contents, degree of branching, conformation length of outer branch of amylopectin, and the presence of other components, such as lipids and proteins. [20] Swelling and solubility provide the evidence of the strength of interaction between starch chains within the amorphous and crystalline domains. [21] When starch granules are heated in excess water, crystalline structure gets disrupted and water molecules become linked by hydrogen bonding to the exposed hydroxyl group of amylose and amylopectin, which bring about their dissolution and swelling. Sandhya Rani and Bhattacharya [22] also reported that starch granules with low amylose content being less rigid, swell freely when heated. Amylose lipid complex has been reported to inhibit the swelling power of starches. [23] Lee and Osman [24] found a relationship between swelling power and water binding capacity; however, in the present study, there was no relationship due to the limited range of amylose.
Solubility Index
The solubility index of different barley starches significantly varied among all the cultivars and ranged from 15 to 23% (Table 1) . Among the cultivars, the highest solubility index was observed for RD-2052 and the lowest was observed for RD-2503 and PL-426. The solubility index showed soluble amylose and amylopectin that has leached out of the starch granules. The difference in solubility of different starches may be attributed to their swelling behavior and to the fraction of large and small granules. Bijttebier et al. [25] reported that the composition of the soluble starches has generally a much higher ratio of amylose to amylopectin than their native starches. The degradation of amylopectin could cause disruption of granular structure and increase in leaching with the heating of starch in water resulting in higher solubility. A significant (p ≤ 0.05) negative correlation (r = −0.71) was exhibited between the C-type of starch granules and swelling index.
Water Binding Capacity
Water binding capacity of different varieties of barley starches is reported in Table 1 . The water binding capacity significantly varied among all the cultivars and ranged from 75.1 to 93.4%. Among the cultivars, the highest water binding capacity was observed for PL-426 and the lowest was observed for RD-2508. The differences in water binding capacity of starches from different cultivars may be attributed to the variation in granular structure; loose association of amylose and amylopectin molecules in native starch granule has been reported to be responsible for the difference in water binding capacity. [26] Wotton and Bamunuarachchi [27] reported that the difference in the degree of availability of water binding sites contribute to the variation in WBC among different starches.
Transmittance
The transmittance value of native starch suspension after 24 h of storage significantly varied and ranged from 3.66 to 5.13%. The highest transmittance value was observed for RD-2052 and the lowest was observed for PL-426. Transmittance value of native barley starch after 120 h of storage significantly varied and ranged from 0.2 to 0.5%. The highest transmittance value was observed for DWR-28 and the lowest was observed for RD-2503, RD-2508, and RD-2052. Transmittance value of native barley starch suspension decreased progressively during storage (Fig. 1 ). Perera and Hoover [14] reported a decrease in turbidity during storage due to interaction between leached amylose and amylopectin chain that led to the development of functional zones that reflect or scatter a significant amount of light, hence, reducing light transmittance with storage. Takizawa et al. [28] reported that the clarity of paste was related to the solubility of the starch granules, as the samples become more soluble, the paste become more transparent. The power law equation was used to describe the relationship between storage duration and transmittance ( Table 2 ). The intercept of the equation exhibited a significant (p ≤ 0.05) negative correlation with water binding capacity (r = −0.76) and pasting temperature of RVA (r = −0.94, p ≤ 0.01), while it showed a significant (p ≤ 0.01) positive correlation (r = 0.85) with water solubility of cooked starch. Moreover, the slope of the equation showed significant (p ≤ 0.05) positive correlation with pasting temperature of RVA and H (r = 0.74 and 0.72), respectively.
Light Microscopy
The structure of barley starch granules as observed under the light microscope is shown in Fig. 2 . A digital photograph revealed oval, circular, oblong, irregular shaped granules of different sizes. DWR-28 showed the largest granule size, whereas RD-2503 and PL-426 showed smaller granules. RD-2552 showed granules of uniform size. RD-2052 showed granules of irregular shape and non-uniform size as compared to other cultivars. Granule size affects starch composition, gelatinization and pasting properties, crystallinity, and swelling properties of starches. [29, 30] The morphology of starch granules depend on the biochemistry of the chloroplast or amyloplast as well as physiology of the plant. [31] DWR-28 has larger granules as compared to RD-2503 as observed by light microscopy (Fig. 2) ; however, RD-2503 has more B type granules (Fig. 3) , and this may have lead to similar peak viscosity of the two starches. The irregular shape of RD-2052 may have influenced the pasting behavior as it exhibited the highest final viscosity among barley starches.
Textural Properties of Starch Gel
The hardness of starch gel significantly varied among the cultivars (Fig. 4) . The gel hardness ranged from 0.34 to 0.55 N. The highest and the lowest gel hardness were exhibited by RD-2052 and PL-172, respectively. After gelatinization, the starch molecules rearrange forming a rigid and stiff gel. [32, 33] Difference in mechanical properties of the gels may be due to difference in rheological properties of amylose matrix, interaction between dispersed and continued phase of gel, and structure of amylopectin. [34, 35] 
Pasting Properties
Pasting properties of starch are affected by amylose and lipid content and by branch chain length distribution of amylopectin. Data revealed that the pasting properties of different barley starches varied significantly among all the cultivars ( Table 3 ). The peak viscosity ranged from 1913 to 2622 cP. Among the cultivars, the highest peak viscosity was observed for PL-172 and the lowest was observed for RD-2034. The peak viscosity of different major cereals, such as wheat, rice, and maize, has been reported to be 104, 113, and 152 RVU, respectively. [19] Amylopectin contributes to the swelling of starch granules and pasting properties, whereas amylose and lipids inhibit the swelling power. [23] The amylopectin chain length and amylose molecular size produce synergistic effects on the viscosity of starch pastes. [36] Pasting properties are dependent on the amount of amylose leaching out in a solution [37] and on the rigidity of starch granules, which in turn affect the granule swelling potential. [22] The trough significantly varied from 1065 to 1599 cP. Among the cultivars, the highest trough was observed for PL-172 and the lowest was observed for RD-2035. The breakdown value of the starch paste is defined as the difference between the peak viscosity and hot paste viscosity. The breakdown value significantly varied and ranged from 652 to 1139 cP. The highest breakdown value was observed for RD-2552 and the lowest was observed for RD-2503. The breakdown is caused by the disintegration of gelatinized starch granule structure during continuous stirring and heating. [38] According to Lee et al., [39] breakdown viscosity is influenced by amylose content. Final viscosity is largely determined by retrogradation tendency of soluble amylose upon cooling. [40] Data revealed that the pasting properties of different barley starches significantly varied among the cultivars. The final viscosity ranged from 1954 to 2853 cP. Among the cultivars, the highest final viscosity was observed for RD-2052 and the lowest was observed for RD-2035. Setback viscosity is used as a synonym for retrogradation to describe the rise in paste viscosity as starch paste cools. The setback value of the starch paste is defined as the difference between the hot paste viscosity and cold paste viscosity. The setback viscosity varied and ranged from 885 to 1274 cP. The highest setback viscosity was observed for RD-2052 and the lowest for RD-2503. Setback viscosity showed a significant positive correlation with peak, final viscosity, and hardness of gel (r = 0.75, 0.78, and 0.65, respectively). Peak time significantly varied and ranged from 5.3 to 6.0 min. Among the cultivars, the highest peak time was observed for RD-2503 and the lowest was observed for RD-2552. Peak time exhibited a significant (p ≤ 0.05) negative correlation with water solubility index (R = −0.74). Solubility index is due to the soluble material that leaches out from the starch granules and the higher the leaching, the more the solubility index and higher the viscosity; this could explain why the time to peak viscosity in the RVA is reduced and negatively correlated with the solubility index. The pasting temperature significantly varied and ranged from 75.8 to 84.6 • C. The highest pasting temperature was observed for PL-426 and the lowest was observed for RD-2052. Moreover, the pasting temperature showed a significant (p ≤ 0.05) positive correlation with water binding capacity (R = 0.73), probably due to less water being available for starch gelatinization and significant negative correlation with water solubility index (R = −0.82). A pasting temperature of 88.6, 79.9, and 82 • C, respectively, has been reported for wheat, rice, and maize. [19] Thermal Properties
Thermal properties of barley starch extracted from different cultivars are shown in Fig. 5 . The thermal properties of barley starches significantly varied among the cultivars. The enthalpy of gelatinization ( H) significantly varied and ranged from 3.69 to 4.87 J/g ( Table 4 ). The highest enthalpy of gelatinization was observed for DWR-28 and the lowest was observed for RD-2052. Cooke and Gidley [41] reported that the enthalpy of gelatinization reflects the loss of molecular order and gelatinization temperature is considered a parameter of crystalline perfection [23] because amylopectin plays a major role in starch granule crystallinity. The enthalpy of gelatinization exhibited a significant (p ≤ 0.01) negative correlation with amylose content (r = −0.90) and a significant positive correlation (r = 0.77) with B-type starch granules. The onset temperature (T o ) significantly varied and ranged from 59.08 to 62.0 • C. The highest onset temperature was observed for PL-426 and the lowest was observed for RD-2035. The peak temperature of barley starch varied between 63.56 to 68.3 • C. The highest peak temperature was observed for PL-426 and the lowest was observed for RD-2035. Endset temperature (T c ) of barley starch ranged from 68.65 to 74.71 • C. The highest endset temperature was observed for PL-426 and the lowest was observed for RD-2503. Onset, peak, and endset temperatures were the highest in variety PL-426. Gelatinization temperature range (R) value of the starch is defined as the difference between the endset and onset temperature. The R value significantly varied and ranged from 8.09 to 12.70 • C. The highest R value was observed for PL-426 and the lowest was observed for RD-2508. A significant (p ≤ 0.01) positive correlation was observed between gelatinization temperature range and water binding capacity of starch (r = 0.85). Peak height index value varied from 0.6 to 1.1. The highest PHI was observed for PL-172 and the lowest was observed for PL-426. The DSC thermogram of PL-426 was very different as compared to other barley cultivars (Fig. 5 ). This could be attributed to the highest amylose content of PL-426 among the barley starches. Also, this cultivar exhibited the highest pasting temperature and water binding capacity. Cultivars
